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Electrogenic transportAphids house large populations of the gammaproteobacterial symbiont Buchnera aphidicola in specialized
bacteriocyte cells. The combined biosynthetic capability of the holobiont (Acyrthosiphon pisum and Buchnera)
is sufﬁcient for biosynthesis of all twenty protein coding amino acids, including amino acids that animals alone
cannot synthesize; and that are present at low concentrations in A. pisum's plant phloem sap diet. Collaborative
holobiont amino acid biosynthesis depends on glutamine import into bacteriocytes, which serves as a nitrogen-
rich amino donor for biosynthesis of other amino acids. Recently, we characterized A. pisum glutamine transport-
er 1 (ApGLNT1), amember of the amino acid/auxin permease family, as the dominant bacteriocyte plasmamem-
brane glutamine transporter. Here we show ApGLNT1 to be structurally and functionally related to mammalian
proton-dependent amino acid transporters (PATs 1–4). Using functional expression in Xenopus laevis oocytes,
combined with two-electrode voltage clamp electrophysiology we demonstrate that ApGLNT1 is electrogenic
and that glutamine induces large inward currents. ApGLNT1 glutamine induced currents are dependent on exter-
nal glutamine concentration, proton (H+) gradient across the membrane, and membrane potential. Based on
these transport properties, ApGLNT1-mediated glutamine uptake into A. pisum bacteriocytes can be regulated
by changes in either proton gradients across the plasma membrane or membrane potential.
© 2015 Elsevier B.V. All rights reserved.1. Introduction
Animals live in a microbial world, and many animals form long-
lasting beneﬁcial associationswithmicrobial partners that facilitate bio-
diversity [1,2]. An estimated 10% of all insect species harbor obligate
bacterial endosymbionts in specialized cells and tissues [3]. Bacterial
symbionts provide the host with novel metabolic pathways that allow
host insects to exploit otherwise inaccessible niches. For example,
blood-feeding insects (such as tsetse ﬂies, bedbugs and body lice)
have obligate bacterial symbionts that provide essential vitamins that
are absent from their blood meal diet [4–7]. Similarly, plant phloem-
feeding insects (such as aphids, psyllids, and mealybugs) have obligate
bacterial symbionts that provide essential amino acids and vitamins
that are absent or at low concentrations in their plant phloem sap diet
[4,8–10].APC, amino acid–polyamine–
e transporter 1; PAT, proton-
; TEVC, two-electrode voltage
ce), acwilson@bio.miami.eduCurrently, the best-characterized insect nutritional symbiosis is that of
the pea aphid, Acyrthosiphon pisum and its gammaproteobacterium
Buchnera aphidicola [11,12]. Buchnera symbionts are housed in spe-
cialized aphid bacteriocyte cells located in the aphid hemoceol.
Bacteriocyte cells (collectively forming the bacteriome) contain
large Buchnera populations, with each symbiont partitioned from
the bacteriocyte cytoplasm by an aphid derived symbiosomal mem-
brane [13] (Fig. 1a). Extensive coevolution between A. pisum and
Buchnera has had a dramatic effect on biological organization and
complexity — such that the host and symbiont are metabolically in-
tegrated and function as an inseparable unit [11,14,15].
Large-scale sequencing and metabolic reconstruction of the
A. pisum/Buchnera holobiont is beginning to shed light on the meta-
bolic contribution of each partner and the nature of their molecular
interdependency [8,11,14,16,17]. Adoption of an intracellular life-
style rendered many Buchnera genes either functionally redundant,
or not essential for maintenance of the symbiosis. Accumulation of
deleterious mutations in these redundant genes, with eventual elim-
ination from the Buchnera genome resulted in an extremely small,
compact, gene-poor genome compared to their closest free-living
relatives [8]. Buchnera retain genes for biosynthesis of ten amino
acids (arginine, histidine, isoleucine, leucine, lysine, methionine,
phenylalanine, threonine, tryptophan and valine), amino acids that
aphids cannot synthesize and that are present at low concentrations
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Fig. 1. Aphid bacteriocyte cellular organization and localization of ApGLNT1. (a) A. pisum bacteriocyte cell with an intracellular Buchnera symbiont (for simplicity a single symbiont is
shown, not drawn to scale). (b) A single A. pisum bacteriocyte cell showing spatial localization of ApGLNT1 (green); DAPI-stained DNA of host cell and Buchnera (blue). Sc, sheath cell.
Scale bar, 20 μm.
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biosynthesis genes, which complete missing or fragmented Buchnera
biosynthesis pathways are highly expressed in bacteriocyte cells [12,
14,18]. Collectively, the combined biosynthetic capability of A. pisum
and Buchnera is sufﬁcient for biosynthesis of all twenty protein-coding
amino acids [11,14,15]. Collaborative host and symbiont amino acid
biosynthesis within bacteriocyte cells is facilitated by A. pisum amino
acid transporters. A. pisum bacteriocyte plasma membrane amino acid
transporter/s import precursor amino acids into bacteriocyte cells.
Additional transporter/s at the symbiosomal membrane, a host derived
membrane that partitions Buchnera from nutrient pools in the
bacteriocyte cell, connect complementary host and symbiont amino
acid biosynthesis pathways (Fig. 1a and electronic supplementary ma-
terial, Fig. S1).
The A. pisum genome contains 40 putative amino acid transporters, 22
belonging to the amino acid/auxin permease (AAAP) family and 18 be-
longing to amino acid–polyamine–organocation (APC) family [19]. Of
these, 4 AAAP family transporters (ACYPI000536, ACYPI000550,
ACYPI001018 and ACYPI008971) and a single APC family transporter
(ACYPI008904) are highly expressed and/or enriched in A. pisum
bacteriocyte cells [19,20]. Recently, we functionally characterized trans-
porter ACYPI001018 as a glutamine transporter, which we named
A. pisum glutamine transporter 1 (ApGLNT1) [20]. ApGLNT1 has very nar-
row substrate selectivity, transporting only glutamine and localizes to the
bacteriocyte plasma membrane (Fig. 1b). Cellular localization and trans-
port speciﬁcity is consistent with ApGLNT1 importing glutamine, the
dominant hemolymph amino acid, into the bacteriocyte cell [21]. Impor-
tantly, glutamine transport is inhibited by arginine (a Buchnera synthe-
sized amino acid) providing a potential mechanism by which
bacteriocyte amino acid biosynthesis can be regulated by a Buchnera syn-
thesized amino acid (electronic supplementary material, Fig. S1).
Here, based on the observation that ApGLNT1 is phylogenetically
related to mammalian AAAP family proton-dependent amino acid
transporters (PATs 1–4) [19,22] we investigate the electrogenic
transport properties of ApGLNT1. A comprehensive review of AAAP
family transporters [also known as solute carrier 36 family trans-
porters (SLC36)] can be found in Thwaites and Anderson [23,24].
Using functional expression of ApGLNT1 in Xenopus laevis oocytes,
coupled with two-electrode voltage clamp (TEVC) electrophysiology
we conﬁrm that ApGLNT1 is speciﬁc for glutamine, and that gluta-
mine induces large inward currents. Furthermore, we demonstrate
that glutamine transport by ApGLNT1 is dependent on external sub-
strate concentration, pH gradient across the membrane, and mem-
brane potential.2. Material and methods
2.1. ApGLNT1 cDNA cloning
ApGLNT1 (ACYPI001018, LOC100159667) expression construct
was generated previously, as described by Price et al. [20]. Brieﬂy,
ApGLNT1 (NM_001246261) full-length coding sequence was ampli-
ﬁed from A. pisum bacteriocyte cDNA using Phusion proof-reading
polymerase (Finnzymes), cloned into NotI and BamHI sites of
pcDNA3.1 (Invitrogen) and the sequence was veriﬁed using Sanger
sequencing [20].2.2. ApGLNT1 sequence analysis
Transmembrane topology of ApGLNT1 was predicted using
TOPCONS consensus prediction program [25] and visualized using
PROTTER version 1.0 [26]. Conserved amino acid residues were identi-
ﬁed by Clustal Omega multiple sequence alignment of ApGLNT1 and
closely related orthologs fromother taxa that had previously been iden-
tiﬁed through phylogenetic reconstruction [19,22]. ApGLNT1 sequence
orthologs included mammalian proton-dependent amino acid trans-
porters (PATs) from Homo sapiens (hPAT 1–4) and Mus musculus
(mPAT 1–4) and insect transporters from Apis mellifera (XP_394217),
Bemisia tabaci (Btab_AAAP9), Diceroprocta semicincta (Dsem_AAAP8
and Dsem_AAAP8), Drosophila melanogaster (CG6327), Pediculus
humanus (PHUM540430), Planococcus citri (Pcit_AAAP7) and Tribolium
castaneum (XP_969657) [19,22]. All amino acid transporter accession
numbers are listed in the electronic supplementary material, Table S1
and all nucleotide sequences are available in electronic supplementary
material, dataset S1.2.3. Expression of ApGLNT1 in Xenopus oocytes
X. laevis oocytes were purchased from EcoCyte Bioscience. Capped
ApGLNT1 copy RNA (cRNA) was generated using T7 mMESSAGE
mMACHINE kits (Ambion) and was polyadenylated using the
poly(A) tailing kit (Ambion). Oocytes were injected with 23 nl of
water (sham) or 23 nl of water containing 23 ng of ApGLNT1 cRNA
(from here on called ApGLNT1-oocytes). Oocytes were incubated at
16 °C in Barth's saline [in mM: 88 NaCl, 1 KCl, 2.4 NaHCO3, 0.3 CaNO3,
0.41 CaCl2, 0.82 MgSO4, 15 HEPES (pH 7.6) and 150 μg/ml ceftazidime]
for 1–3 days prior to uptake assay or electrophysiological recording.
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Glutamine uptake into ApGLNT1-oocytes and water-injected
(sham) oocytes was performed as previously described [20]. Ten oo-
cytes (injected with cRNA or water) per uptake experiment were pre-
incubated at room temperature for 5 min in transport buffer [in mM:
100 NaCl, 2 KCl, 1 MgCl2, 25 citrate buffer (pH 6.0)]. To initiate uptake
assays, at time 0 transport buffer was replaced with 200 μl transport
buffer containing 1 mM glutamine and 1 μCi/ml L-[14C(U)]-glutamine
(260mCi/mmol) (PerkinElmer). Oocyteswere placed on a rotary shaker
at room temperature for the duration of the uptake assay. After 30 min
of uptake (previously determined as linear phase of uptake [20]) oo-
cytes were washed rapidly four times with 1ml ice-cold transport buff-
er. Individual undamaged oocytes were transferred to scintillation vials
and dissolved in 0.5 ml 5% SDS for 2 h with vigorous shaking. Uptake of
labeled substrate was determined by liquid scintillation counting and
corrected for background uptake into water-injected (sham) oocytes.
pH dependence of glutamine uptake was established by performing
uptake assays in transport buffer with 25 mM citrate buffer (pH 5.0–
6.0), or 25 mM phosphate buffer (pH 6.5–8.0). The inﬂuence of pH
gradient across the oocyte plasma membrane was determined by
performing uptake assays in the presence of ionophores, which in-
cluded 100 μM CCCP (carbonyl cyanide 3-chlorophenylhydrazone),
or 100 μM DNP (2,4-dinitrophenol). Sodium ion (Na+) dependence
was analyzed by performing standard uptake assays in transport
buffer (control), alongside uptake assays where 100 mM NaCl
(contained in the transport buffer) was substituted with an equimo-
lar amount of choline chloride.
2.5. Two-electrode voltage clamp
Amino acid induced currents were recorded under two-electrode
voltage clamp (TEVC) using the OpusXpress 6000A automated parallel
electrophysiology system (Molecular Devices). Micropipettes were
ﬁlledwith 3MKCl and had resistances of 0.2–1.9MΩ. The oocytemem-
brane potential was held at−70 mV. Oocytes were continuously per-
fused with ND96 (in mM: 96 NaCl, 2 KCl, 1 CaCl2, 1 MgCl2, 5 HEPES,
pH 7.5) in the presence or absence of amino acids. Amino acid stocks
were prepared by addition to ND96 (at indicated concentrations) on
the day of the experiment. Amino acids were applied for either 30 s or
60 s (as indicated) at a ﬂow rate of 1.0ml/min,with 4minwash periods
in ND96 at 4.6 ml/min between amino acid applications. For studies of
pH dependence, 5 mM glutamine was applied in ND96 buffered with
5mMHEPES (pH 5.5–7.0), or 5 mMMES (pH 7.5–8.5). Current–voltage
(I–V) relations were measured using a voltage ramp from−100 mV to
+50mVover a 5 s period. Glutamine (5mM)was applied in ND96 buff-
ered with 5 mMHEPES (pH 5.5 and pH 7.0), or 5 mMMES (pH 8.5). In-
duced currents were calculated as the difference in steady-state current
in the presence and absence of glutamine. All amino acid induced cur-
rents, ﬁltered (4-pole, Bessel, low pass) at 20 Hz (−3 db) and sampled
at 100 Hz, were captured and stored using OpusXpress 1.1 software
(Molecular Devices). Initial data analysis was conducted using Clampﬁt
9.1 software (Molecular Devices). Glutamine concentration and extra-
cellular proton concentration causing half-maximal activation of
ApGLNT1 (apparent Km) were obtained by ﬁtting glutamine induced
currents to the Michaelis–Menten equation using nonlinear regression
(Prism 6.0 software; GraphPad).
3. Results and discussion
3.1. ApGLNT1 alternative splice variants are expressed in bacteriocytes
ApGLNT1 (ACYPI001018, LOC100159667) coding sequence contains
12 exons, located in a 97011 bp region of scaffold 272 of the A. pisum ge-
nome (assembly Acyr_2.0). The latest NCBI A. pisum genome annotation
(release 101, available June 2014) identiﬁes four ApGLNT1 alternativesequence variants (NM_001246261, XM_008184610, XM_008184611,
and XM_008184612) (electronic supplementary material, Table S1
and Fig. S2). Sequence differences, all at the 5′ end of the coding
sequence, result from alternative splicing (NM_001246261, XM_
008184610, XM_008184611); or use an alternative ﬁrst exon (XM_
008184612). ApGLNT1 (XM_008184610 and XM_008184611) have
an identical 577 bp 5′ untranslated region (UTR), while ApGLNT1
(XM_008184612) has an alternative 58 bp 5′ UTR. All genes share
an identical 3277 bp 3′ UTR. Publicly available A. pisum bacteriocyte
RNA-seq data, available at the NCBI short read archive (accession
numbers: SRX025895 [14] and SRX031767, SRX031778 [27]), sup-
port bacteriocyte expression of all four ApGLNT1 variants (electronic
supplementary material, Fig. S3). Additionally, we have previously
demonstrated that ApGLNT1 mRNA is highly expressed in A. pisum
bacteriocyte cells, and that the encoded ApGLNT1 protein localizes
to the bacteriocyte plasma membrane [20] (Fig. 1b). Here, we focus
on detailed functional characterization of ApGLNT1 (isoform NM_
001246261), whichwe previously ampliﬁed fromA. pisumbacteriocyte
cDNA [20].
3.2. ApGLNT1 is related to mammalian proton-dependent amino acid
transporters (PATs)
Bacteriocyte expressed ApGLNT1 (isoformNM_001246261) contains
a 1503 bp open reading frame (ORF) which encodes a 500 amino acid
residue protein, with a predicted molecular weight of 55.1 kDa.
ApGLNT1 is a member of the eukaryotic amino acid/auxin permease
(AAAP) family [28]. Closely related orthologs were identiﬁed in all in-
sect species in our previous analyses (including A. mellifera, B. tabaci,
D. semicincta, D. melanogaster, P. humanus, P. citri and T. castaneum)
[19,22]. ApGLNT1 orthologs, with alternative gene products, are docu-
mented in A. mellifera, D. melanogaster and T. castaneum, with all se-
quence variation within the intracellular N-terminal region of each of
these orthologs (electronic supplementary material, Fig. S4). Currently,
the functional signiﬁcance of ApGLNT1 alternative gene products and
ApGLNT1 ortholog alternative gene products in remains unknown.
ApGLNT1 is distantly related to, functionally well-characterized,
mammalian AAAP family proton-dependent amino acid transporters
(PATs 1–4) [19,22], sharing 29%–37% sequence identity, and 43%–48%
sequence similarity. AAAP family transporters [also known as solute
carrier 36 family transporters (SLC36)] are reviewed by Thwaites and
Anderson [23,24]. ApGLNT1 and orthologs from A. mellifera, B. tabaci,
D. semicincta, D. melanogaster, P. humanus, P. citri and T. castaneum
share a similar predicted membrane topology, with 11 transmembrane
regions, an intracellular N-terminus and an extracellular C-terminus
(Fig. 2). The strongest sequence conservation among ApGLNT1 and its
orthologs is locatedwithin transmembrane regions 1–3 and transmem-
brane regions 6–11 (Fig. 2).
3.3. ApGLNT1-mediated glutamine uptake is dependent on extracellular pH
Glutamine uptake by ApGLNT1-oocytes is dependent on extracellu-
lar pH (Fig. 3a). Maximum glutamine uptake occurred at extracellular
pH 5.0, and was signiﬁcantly reduced as extracellular pH increased to
pH 8.0 (P b 0.05, one-way ANOVA followed by Bonferroni's multiple
comparison test) (Fig. 3a). Glutamine uptake at extracellular pH 5.0
(10 μM H+o) was 8.4-fold higher than glutamine uptake at pH 8.0
(0.01 μM H+o) (Fig. 3a). To establish the role of H+ gradient across the
oocyte plasma membrane, uptake assays were performed at pH 6.0
(1 μM H+o) in the presence of proton ionophores carbonyl cyanide 3-
chlorophenylhydrazone (CCCP) and 2,4-dinitrophenol (DNP). Both
proton ionophores equilibrate the proton gradients across lipid mem-
branes. Uptake assays in the presence of 100 μM CCCP, or 100 μM DNP
signiﬁcantly decreased glutamine uptake, 3.3-fold and 1.4-fold, respec-
tively compared to control (no ionophore) uptake assays (P b 0.01, one-
way ANOVA followed by Dunnett's post-test) (Fig. 3b). Replacing Na+
Fig. 2. Predicted membrane topology of ApGLNT1 with conserved residues across family members highlighted. Amino acid residues of ApGLNT1 (NP_001233190) are shown as circles.
Transmembrane regions of ApGLNT1 (numbered 1–11) were predicted using the TOPCONS consensus prediction program (as described in Material and methods). Plasma membrane
is shown as a gray rectangle and intracellular (intra) and extracellular (extra) location is indicated. Conserved sites across ApGLNT1 and eight insect orthologs (for species information
see Material and methods) are shaded gray. Sites conserved across all insect species and related mammalian proton-dependent amino acid transporters (PAT or SLC36) transporters
are shaded red.
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mediated glutamine uptake (two-tailed t-test, P = 0.5258) (Fig. 3c).
Together, these data demonstrate that ApGLNT1-mediated glutamine
uptake is an H+-dependent, and Na+-independent transport process.
3.4. ApGLNT1 generates inward glutamine-dependent currents
Using two-electrode voltage clamp (TEVC) electrophysiology, we in-
vestigated the amino acid-dependent electrogenic properties of
ApGLNT1 (Fig. 4). With ApGLNT1-oocytes held at −70 mV protein-
coding amino acids were screened at 2 mM each for their ability to in-
duce currents (Fig. 4a and b). Cysteine, an amino acid that is not recog-
nized by ApGLNT1 [20], was excluded from the analysis as this amino
acid induced currents in water-injected (sham) oocytes. ApGLNT1 has
very narrow substrate selectivity, with only glutamine inducing signiﬁ-
cant inward currents (Fig. 4a and b), consistent with previously ob-
served glutamine-speciﬁc uptake [20]. Similar currents were not(a) (b
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function, these are: A. pisum ApGLNT1 (reported here and previously
[20]); Drosophila transporters PAT (CG1139) and PATH (CG3424) [34];
and Aedes aegyptiAePAT1 [35].Drosophila CG1139 has similar transport
properties to mammalian PAT1 and PAT2 transporters, mediating elec-
trogenic, H+-dependent uptake of alanine, glycine and proline (Km 1.2–
8 mM) [34]. In contrast, Drosophila PATH (CG3424) has a markedly dif-
ferent transport properties,mediatinghigh afﬁnity, low capacity alanine
uptake (Km 2.7 μM), with greater transport at extracellular pH 7.4 com-
pared to alanine uptake at extracellular pH 5.5 [34]. Although modes of
transport differ, both CG1139 and PATH (CG3424) play important roles
regulatingDrosophila cell growth in eye andwing tissues [34]. Function-
al diversity in the AAAP family is further highlighted by A. ageypti
AePAT1, a apical membrane midgut transporter that mediates broad-
spectrum amino acid uptake. AePAT1 functions as electrogenic H+-
dependent amino acid transporter, transporting: glutamine (Km
7.2 mM) N tryptophan N serine N alanine N proline [35]. Additionally,
AePAT1 binds aspartic acid, glycine, cysteine, lysine and leucine with
high afﬁnity, and these amino acids are also likely to be transported
[35]. Thus, the AAAP family of transporters is functionally diverse with
family members showing different tissue speciﬁcity, and markedly dif-
ferent substrate selectivity and substrate afﬁnity.
ApGLNT1 is located on the A. pisum bacteriocyte plasma membrane
(Fig. 1a and b), and thus has access to circulating hemolymph that con-
tains 19 mM glutamine [21,36]. Therefore, at physiological glutamine
concentrations, ApGLNT1 in the bacteriocyte cell plasma membrane is
not predicted to be glutamine limited. Currently, the physiological pH
atwhich ApGLNT1 functions in the A. pisum bacteriocyte cell membrane
is unknown. ApGLNT1 glutamine afﬁnitymeasurements presented here
are based on measurements at pH 7.5 (Fig. 4c and d), and it is likely, as
reported for related mammalian PAT1 and PAT2 transporters, that
ApGLNT1 glutamine afﬁnity varies with extracellular pH. Substrate af-
ﬁnity of human transporters PAT1 and PAT2 is dependent on extracellu-
lar pH, with both transporters having higher substrate afﬁnities at low
extracellular pH [37,38].
3.5. ApGLNT1-mediated glutamine currents are dependent on extracellular
pH and membrane potential
Using TEVC, we further investigated the effect of extracellular pH
and membrane potential on the glutamine-dependent electrogenicproperties of ApGLNT1 (Fig. 5). With ApGLNT1-oocytes held at
−70mV, external glutamine (applied at 5mM) induced inward currents
that increased in magnitude as extracellular pH was decreased from
pH 8.5 to pH 5.5 (Fig. 4a). Maximal glutamine-induced currents (692 ±
92 nA, n= 12) were recorded at extracellular pH 5.5 (3.2 μM H+o), and
were approximately 4.3-fold higher than glutamine-induced currents re-
corded at extracellular pH 8.5 (0.0032 μM H+o) (Fig. 5a). Glutamine-
induced current responses were not observed in water-injected
(sham) oocytes (Fig. 5a). ApGLNT1-mediated glutamine currents
followed Michaelis–Menten kinetics when plotted as a function of
extracellular proton concentration (Fig. 5b), yielding an estimated
Km of 15.2 ± 1.2 nM H+o, equivalent to extracellular pH 7.8 (Fig. 5b).
AAAP family H+-coupled amino acid transporters from mammals
[30,38,39] and plants [40–42] that are related to ApGLNT1 are sensitive
to membrane potential. Here, we show that ApGLNT1-mediated gluta-
mine currents are signiﬁcantly altered by changes in membrane poten-
tial (Fig. 5c and d). Current–voltage (I–V) relationships, between
−100mV to+ 50mV, demonstratemaximum glutamine-induced cur-
rents at negativemembrane potentials, withmore pronounced changes
occurring at low extracellular pH (Fig. 5c and d). Current responses
were not observed in water-injected (sham) oocytes (Fig. 5c and d).
Taken together, these results demonstrate that ApGLNT1 function is
sensitive to both extracellular pH and membrane potential.
3.6. ApGLNT1 regulates glutamine import into bacteriocytes
A. pisum bacteriocytes transport glutamine across the cell plasma
membrane via ApGLNT1, a glutamine speciﬁc transporter [20,21]. Im-
portantly, glutamine transport into bacteriocytes is sufﬁcient to support
holobiont (host + symbiont) biosynthesis of all twenty protein-coding
amino acids [11,14,15,17,20]. Thus, ApGLNT1 functions as a molecular
gatekeeper, regulating glutamine precursor transport into bacteriocyte
cells which enables holobiont amino acid biosynthesis.
ApGLNT1-mediated glutamine uptake is sensitive to extracellular
pH and membrane potential. When functionally expressed in Xenopus
oocytes, ApGLNT1 mediates electrogenic uptake of glutamine with a
net inward movement of positive charge. Because glutamine at the pH
range studied here is zwitterionic, we propose that net charge move-
ment across the plasma membrane is due to H+ inﬂux coupled with
amino acid import. Phylogenetically and functionally related AAAP fam-
ily members include proton-coupled amino acid symporters from
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Fig. 5. pH and membrane potential dependence of ApGLNT1-oocytes. (a) Oocytes injected with ApGLNT1-cRNA or water (sham) were clamped at−70 mV and perfused with ND96 ad-
justed to different pH values (as indicated) in the presence of 5 mM glutamine. Horizontal black bars show application of 5 mM glutamine in buffer at indicated pH. Representative trace
(from 7–12 independent recordings) shows amino acid evoked currents as measured by two-electrode voltage-clamp technique. (b) Saturation kinetics of current mediated by 5 mM
glutamine as a function of outside (extracellular) proton concentration ([H+]o). Each value is themean± SEM, n=7–12. If the error bars are not visible they are smaller than the symbols.
(c and d)Oocytes injectedwith (c) ApGLNT1-cRNA or (d)water (sham)were clamped at−70mV and perfusedwith ND96 adjusted to different pHvalues (as indicated) in the presence of
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amino acid transporters from insects, including D. melanogaster [34]
and A. aegypti [35].
Amino acid transport by ApGLNT1 and phylogenetically related
proton-coupled amino acid symporters is driven by electrochemical
H+ gradients across the plasma membrane [30,38–42]. For example,
mammalian PAT1, located on the luminal surface of the small intes-
tine, is coupled with a Na+/H+ exchanger 3 (NHE3) that maintains
transmembrane proton gradients to drive amino acid/H+ symport
[43]. Mammalian PAT1 is also located on intracellular neuronal lyso-
somes, where it mediates amino acid/H+ cotransport into the cell
cytoplasm via coupling with lysosomal H+-ATPase [29,44]. In sum-
mary, mammalian PAT1 functions at the apical plasma membrane
and intracellular cell lysosomal membrane where it mediates
coupled amino acid/H+ symport. Similarly, based on characterized
transport activity and mode of transport, ApGLNT1 in A. pisum
bacteriocytes could be rapidly modulated by changes in either pH
or membrane potential within the physiological range. We speculate
that proton gradients necessary for ApGLNT1-mediated glutamine
uptake across the bacteriocyte plasma membrane are established by
vacuolar-type H+-ATPases (V-ATPase). The multi-subunit proton-
pump, comprising V0 and V1 domains, is highly expressed in A. pisum
bacteriocytes [14], and enriched in the A. pisum bacterioctye proteome
[45]. In insects, V-ATPases are localized in the apical plasma membrane
of nearly all epithelial tissues (such as salivary glands, gut, and Mal-
pighian tubules), where they establish transmembrane proton gradi-
ents for coupled nutrient transport [46]. Although the cellular
localization of V-ATPase within A. pisum bacteriocyte cells is un-
known, we hypothesize V-ATPases are localized to the bacteriocyte
plasma membrane where they provide proton gradients for gluta-
mine import, and potentially other secondary active transport
processes.
Extensive aphid/Buchnera coevolution has resulted in a biochem-
ically interdependent holobiont, capable of synthesizing all twenty
protein-coding amino acids [11,14]. In highly compartmentalizedendosymbioses host amino acid transporters function as molecular
‘gate-keepers’, importing precursors into bacteriocyte cells, and
transporting metabolites between spatially separated host and sym-
biont metabolic networks (electronic supplementary material,
Fig. S1) [14,19,20,22,45]. Regulation of precursor transport into
host bacteriocyte cells and between symbiotic partners modulates
amino acid biosynthetic output [17,47]. Previously, we demonstrat-
ed that glutamine transport by ApGLNT1 is inhibited by extracellular
arginine; a Buchnera synthesized amino acid that can regulate pre-
cursor glutamine transport into bacteriocytes [20]. Here we demon-
strate that ApGLNT1-mediated glutamine transport is sensitive to
H+ gradient across the plasma membrane and membrane potential.
Thus together we ﬁnd that ApGLNT1 is post-transcriptionally regu-
lated at multiple levels likely facilitating rapid ﬁne-tuning of gluta-
mine import into host bacteriocytes.
The hallmarks of an obligate intracellular lifestyle in diverse
insect-bacterial endosymbiosis include extensive symbiont genome
reduction [5–10], and spatial separation of complementary host
and symbiont metabolic networks [3,4]. As such, host nutrient trans-
porters, at the bacteriocyte plasma membrane and intracellular
symbiosomal membrane play key roles in enabling, and potentially
regulating the biosynthetic output of diverse insect-bacterial nutri-
tional endosymbioses.
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